Background: The cerebellum plays a role in higher-order cognitive processes, although the evidence concerning spatial cognition is not definite.
T
here is consensus about some role of the cerebellum in cognitive processes. The existence of crossed interconnections between the cerebellar and the cerebral hemispheres suggest that some functional lateralization may exist also in the cerebellum. [1] [2] [3] In line with this view, right-sided cerebellar lesions may produce linguistic deficits, [3] [4] [5] [6] and apraxic agraphia. 6 As for visuospatial disorders, that are the aim of this study, the available data are less definite. There is evidence, from single case reports, that right-sided cerebellar lesions may bring about right-sided, 7 and left-sided 8 spatial neglect. These findings may be interpreted in terms of the interruption of cerebellar-cortical connections. One patient had a left frontal hypoperfusion, as assessed by single photon emission tomography, 7 which may have been relevant for bringing about the right-sided neglect, contralateral to the left frontal dysfunction. The other patient had additional right-sided brainstem damage, that may have brought about (due to a putative involvement of the noradrenergic ascending activation system) an ipsilateral right-sided cerebral hypoactivation, and left spatial neglect, contralateral to the right-sided cerebral dysfunction 8 ; this latter account of the patient's deficit diverges from the prevailing view that it is the contralateral cerebral hemisphere to be involved after unilateral cerebellar damage. [1] [2] [3] Group studies show that patients with left-sided cerebellar infarcts may exhibit a slower performance in the visuospatial task of copying a drawing, as compared with patients with right-sided cerebellar infarcts. 9 More generally, patients with left-sided cerebellar damage may show impairments in spatial and right-hemisphere-based tasks, 10, 11 though spatial deficits, such as spatial dysgraphia, may be associated also with bilateral atrophy. 12 The mental processing (rotation) of complex figures has however been found to be impaired by both left-sided and right-sided cerebellar lesions, as well as by cerebellar atrophy. 13 Another source of relevant evidence is provided by studies in children with cerebellar damage. In a series of 23 children, 14 examined after cerebellar astrocytoma surgery, 2 exhibit motor neglect 15, 16 of 1 upper limb, though with no association with a lateralized cerebellar lesion. However, the performance of these patients is weaker, compared with available norms, in target cancellation, line bisection, and recall of a complex figure, although no evidence of visuospatial neglect is reported. In another study, 17 children and adolescents who have undergone surgery for left-sided or right-sided cerebellar astrocytoma do not show clinically relevant evidence of aphasia or spatial neglect. A trend toward more left-sided omissions by children with left cerebellar damage is however reported, in agreement with a possible role of the left cerebellum in visuospatial exploration. Similarly, no cognitive abnormalities have been found in adult patients with chronic vascular left-sided or rightsided cerebellar lesions, using a bedside test, assessing language, memory, attentional, and visuospatial functions. 18 In sum, on the one hand observations of clinically relevant visuo-spatial disorders associated with cerebellar damage, such as aspects of the syndrome of unilateral spatial neglect, 19 include only a few reports, 7, 8, 14 on the other hand psychometric studies in patients with cerebellar damage have revealed milder, but definite, subclinical impairments in spatial tasks, 9, 20 suggesting a role of the cerebellum in spatial cognition. 21 This may comprise ''scanning sensory data to extract relevant spatial information and for the acquisition of spatialrelated procedures.'' 20 The hypothesis of some contribution by the cerebellum to the processing of spatial information is supported by neuroimaging investigations using functional magnetic resonance imaging. When neurologically unimpaired participants perform a perceptual line bisection (landmark) task, 22 neural activity increases not only in the parietal-frontal regions, predominantly in the right hemisphere, but also in the left cerebellar hemisphere. 23, 24 These findings suggest a role for a right cerebral hemisphere-left cerebellar hemisphere functional system, supported by crossed connections.
The task of manual visual line bisection, widely used in behavioral neurology to assess the presence of spatial neglect, 19 is appropriate for exploring the spatial abilities of cerebellar patients. In children after cerebellar astrocytoma surgery, tested in a chronic phase, at least 1 year after the intervention, line bisection performance has been found, in different studies, to be either defective, though with no directional error, 14 or unimpaired, 17 after rightsided, left-sided, and bilateral lesions.
Specifically, the role of the cerebellum in the utilization of kinesthetic information for organizing motor responses 25 suggests that its involvement may be particularly relevant when the visual control of the movement is prevented. In the present study, patients with focal unilateral cerebellar lesions, and neurologically unimpaired participants, were given a line bisection task, to investigate the effects of cerebellar damage on bisection performance, under conditions of absent versus present visual monitoring of the movement of the upper limb.
MATERIALS AND METHODS

Participants
Twenty-four right-handed subjects, recruited at the Center for the Medicine of Ageing of the Catholic University of Rome, participated in the study: 12 braindamaged patients with a focal cerebellar lesion, and 12 neurologically unimpaired control participants. Six patients had a left-sided, and 6 patients a right-sided cerebellar lesion (Table 1) . Left-cerebellar and rightcerebellar-damaged patients (L-Cbl, R-Cbl) were matched for age (t 10 = 0.51; ns), and education (t 10 = À 1.89; P = ns). In all participants, handedness was assessed by a standard interview. 26 The motor impairment was quantified by a modified version of a standard scale 27 [range: 0 (no deficit) to 42 (severe motor impairment)] including ratings of dysarthria (range: 0 to 4), ocular movements (range: 0 to 4), muscular tone (range: 0 to 2), postural tremor (range: 0 to 8), ataxia (upper limb, range: 0 to 8; lower limb, range: 0 to 8), balance (range: 0 to 4), and gait ataxia (range: 0 to 4). The severity of the motor impairment was comparable in L-Cbl and in R-Cbl patients (t 10 = 0.02; P>0.1), and also the duration of disease (t 10 = À 0.01; P>0.1). Figure 1 shows the topography of the cerebellar lesions, 28 as assessed by magnetic resonance imaging Duration of disease refers to the time elapsed after stroke onset in the cerebrovascular patients, and after operation in the neoplastic patients. No patient with a neoplastic lesion had suffered from a preoperative hydrocephalus. Bold: for MMSE, score below the 5th percentile norms for age and education; for RCPM, scores adjusted for age and education below the cut off score.
*Complete left facial paresis. F/M indicates female/male; H/I/N, hemorrhagic/ischemic/neoplastic; L/R, left/right; me, medulla; mi, midbrain; p, pons; v, vermis.
scan, and plotted on 2 reference sections from the atlas of Kretschmann and Weinrich. 29 No patient presented with a history of mental deterioration, psychiatric disorders, previous cerebrovascular attacks, or major internal diseases. All patients showed no visual field and somatosensory deficits at neurologic examination. Patients were given the Mini-Mental State Examination (MMSE, range: 0 to 30), 30 and Raven Colored Progressive Matrices (RCPM, range: 0 to 35, cut off 18), 31 to have a general evaluation of mental status, and a measure of nonverbal reasoning skills. The 2 groups of cerebellar patients did not differ in their MMSE (t 10 = À 0.70; ns), and RCPM (t 10 = À 0.51; ns) scores.
No patient presented with clinical evidence of aphasia or spatial neglect. Particularly, the presence and the severity of unilateral visuo-spatial neglect were assessed by a standard diagnostic battery, including 2 visuo-motor exploratory tasks (Line and Letter Cancellation), a reading task, and a task requiring a perceptual judgment (Wundt-Jastrow Area Illusion test). 32 In the cancellation tasks, the cerebellar patients used the contralesional hand. In all tasks, the center of the display was located on the midsagittal plane of the trunk of the patients, who were free to move their head and eyes.
Twelve neurologically unimpaired right-handed volunteers (mean age: 71.42; SD: 9.68; range: 51 to 88; mean educational level: 9.5; SD: 4.48; range: 5 to 17) were recruited as control participants (C). The cerebellardamaged patients and the controls were matched for age (t 22 = À 0.24; ns) and educational level (t 22 = 0; ns).
All participants had a normal or correctedto-normal vision, and no major peripheral auditory defect. Informed consent to participate in the study was obtained from all participants.
Stimuli and Procedure
The stimuli were horizontal black lines (160 mm long, 20 mm wide). Each stimulus was printed in the center of a white A4 paper sheet. The center of the stimulus was aligned with the midsagittal plane of each participant's trunk. The participants' task was to set the subjective midpoint of each line, using their left or right hand. The to-be-bisected line, printed on a white A4 sheet (the ''stimulus'' space), was placed in front of each participant, at about a 57 cm distance from the eyes, in the upper half of a vertical wooden panel (60 Â 70 cm). The center of the vertical panel was aligned with the midsagittal plane of the participant's trunk. A white A4 sheet (the ''response'' space) was placed immediately below the stimulus space (Fig. 2) . In the ''visual-control'' (VC) condition, participants were able to see their upper limb and hand. In the ''no visual control'' (NVC) condition, a horizontal wooden panel (60 Â 30 cm) was interposed between the stimulus and the response spaces, to prevent the visual monitoring of the upper limb. Furthermore, the participants' shoulders, arms, forearms, and hands were covered with a black breadth of cloth. Care was taken that the cloth was not in contact with the participants' forearm and hand. In both conditions, the participants' task was to mark the subjective midpoint of the segment (shown in the stimulus space) in the response space, where no segment was present (Fig. 2) . In both conditions, participants had received instructions to start each bisection trial from the same position, with the hand leant between their legs. The 2 hands (left, right: LH/RH), and the presence/ absence of visual control (VC/NVC) of the movement of the upper limb, and the hand, generated 4 conditions: LH/VC, LH/NVC, RH/VC, and RH/NVC. The VC conditions were given first. Half of the participants started with the RH, half with the LH. Seven trials were given for each condition, with 2 preceding practice trials. For each trial, the score was the horizontal deviation from the objective midpoint, measured to the nearest millimeter. Leftward deviations were given a negative score, rightward deviations a positive score.
The mean scores in the 4 conditions were analyzed by an analysis of variance with 1 between-subjects main factor ''Group,'' with 3 levels (L-Cbl, R-Cbl, and C participants), and 2 within-subjects main factors: (''hand,'' with 2 levels: LH, RH; ''visual control,'' with 2 levels: VC, NVC).
RESULTS
Participants exhibited a minor leftward bisection error in the VC condition (Fig. 3) , with either hand. In the NCV condition (Fig. 4) the error was greater, and differences among the 3 groups were found. The bisection error was leftwards in the L-Cbl patients, rightwards in the R-Cbl patients, and in the C participants.
An interactions were not significant. The significant ''group by visual control'' interaction was further explored by Scheffe`'s post hoc multiple comparisons. In the NVC condition, the bisection score of L-Cbl patients differed from those of R-Cbl patients (P<0.005), and C (P = 0.01) participants. The difference between the scores of R-Cbl patients and C participants was not significant (P = 0.83). In the VC condition, no differences among groups were found.
In the VC condition, 1 sample t tests contra 0 on the bisection errors, averaged across hands in each participant, were performed, to assess the consistency of the leftward bias, which replicates previous observations in the performance of neurologically unimpaired participants. 33 Both C participants (t 11 = À 3.595; P<0.01), and Cbl patients (t 11 = À 2.351; P<0.05) showed the expected leftward bias.
In the C group, the leftward bias was present in 10 out of the 12 participants (83%) in the VC condition, but only in 4 out of the 12 (25%) participants in the NVC condition (w 2 with Yates correction for continuity = 5.286, df = 1, P<0.05). In the Cbl-patients' group, 11 out of 12 (92%) participants showed a leftward bias in the VC condition (binomial test: P<0.01). In the NCV condition, the bisection error was still toward the left side in 6 out of 6 (100%) L-Cbl patients, but only in 2 out of 6 (33%) R-Cbl patients (Fisher exact test: P = 0.061).
DISCUSSION
The main result of this study concerns the performances of patients with left cerebellar damage, when the role of the visual monitoring of the movement of the arm is assessed. Under conditions in which the visual monitoring of the movement of the upper limb is allowed, namely when the task is broadly comparable to the canonical visuo-manual line bisection, 34, 35 there is no difference among the bisection scores of patients and neurologically unimpaired participants. This result confirms previous evidence from a study in patients with unilateral cerebellar damage. 17 In another study, line bisection performance was defective, though with no directional error, but 16 out of 23 patients (69.5%) had preoperative hydrocephalus, with patients with severe hydrocephalus having a lower score in a copy drawing test.
14 In the present series, the 3 patients with neoplastic lesions had not suffered from preoperative hydrocephalus.
With visual control, neurologically unimpaired participants and cerebellar patients exhibit an overall leftward bias (''pseudoneglect''), 33 that is interpreted in terms of a prevalence of right hemisphere-based systems for spatial attention. 33, 36 Consistently, a rightward error is shown in line bisection by right-brain-damaged patients with left spatial neglect. 34, 37 By contrast, the lack of visual control brings about a difference among the 3 groups. Patients with a left-sided cerebellar lesion make a leftward error, that is not shown by control participants and patients with a right-sided cerebellar damage, who exhibit a rightward average error. This difference cannot be accounted for by a motor deficit. The 2 groups of cerebellar patients do not differ as to the severity of their motor impairment. Furthermore, there is no difference among groups when the movement is visually monitored. The selectivity of the bias (leftwards in left cerebellar patients when visual control of the movement is prevented) suggests that the left cerebellar hemisphere may play a role in guiding the movement while performing a bisection task, in the absence of visual monitoring of the upper limb.
Second, the present findings suggest that the leftward bias (''pseudoneglect''), repeatedly found in the task of visual line bisection by neurologically unimpaired participants, 33 may have a component related to the visual monitoring of the movement of the upper limb. When this visual information is unavailable, and participants rely, as for the monitoring of the movement, on kinesthetic information only, the leftward bias is no longer found, with a rightward bias showing up. A review of the numerous and complex factors modulating pseudoneglect may be found in Ref. 33 . Left-sided cerebellar patients, however, do not show this pattern, with a leftward bias being present also when NVC of the movement is allowed. Considering the crossed connections between the left cerebellar hemisphere and the right cerebral hemisphere, the effect may be spatial in nature. The left-sided cerebellar lesion may release, in the task of setting the midpoint of a horizontal visual line, a righthemisphere-based leftward bias, provided no visual monitoring of the upper limb movement is available. An alternative interpretation of the leftward error made by left cerebellar patients may be in terms of ''ipsilesional neglect.'' Right-brain-damaged patients with frontalsubcortical lesions sometimes exhibit a leftward contralesional error in visual line bisection (indicating a right spatial neglect), instead of the more frequently observed rightward ipsilesional error (indicating a left spatial neglect). Ipsilesional neglect has been attributed to attentional and intentional biases, and, in part, to compensatory strategies. [38] [39] [40] The left-sided cerebellar lesion might bring about a dysfunction of the contralateral right frontal regions, that would be responsible of the leftward error in line bisection. However, the finding that the leftward error, different from the pattern shown by right cerebellar patients and unimpaired participants, is confined to the condition without visual control suggests a specific effect of the left cerebellar damage, as discussed above. The ipsilesional neglect effect of a right frontal dysfunction, contralateral to the left-sided cerebellar lesion, should be instead a disproportionate leftward error under conditions of visual control, as compared with right cerebellar patients and unimpaired participants. This was not found in this study. [38] [39] [40] In sum, the present findings from the manual line bisection task suggest a role of the cerebellum under conditions in which the visual monitoring of the movement is prevented, and performance relies more substantially on kinesthetic inputs, that need to be integrated with the visual input of the to-be-bisected line stimulus. Furthermore, the observed hemispheric asymmetry, with only the performance of left cerebellar patients being different from that of neurologically unimpaired participants, suggests that the left cerebellum works in connection with the right cerebral hemisphere, whose role in the visuo-spatial task of line bisection has long been established. 35 Finally, the present findings support the hypothesis of a cerebellar hemispheric functional lateralization, with mainly spatial (left-sided) competences.
